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microstructure containing lots of triple points, and harsh operating 
conditions may make power IC's more vulnemble than standard 
devices. In this paper we present strongly reduced EM-lifetimes upon 
ABSTRACT 
The combined effects of electromigration and thennomigration are 
studied. Significantly shorter electromigration lifetimes are observed 
in the presence of a temperature gradient. This cannot be explained 
hy thennomigation only, but is attxibuted to the effect of 
temperature grament on electromigration-induced failures. 
[Keywords: power electronics, electromigration, thermomigration, 
fast thermal stressing] 
INTRODUCTION 
ne metallisation in power 1 ~ ' ~  is to significant 
temperatme gradients due to the high dissipation of the active 
elements as well as non uniform Joule heating around metal lines due 
to large electrical currents. A high temperature gradient can enhance 
Fig. 2: Relative resistance change for: (a) EM-test at uniform 
temperature T0vm=2020C (h) EM-test with applied tempenme 
gradient, To~=1520C, THE=~O~'C. 
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electrofigration (EM) [ I ]  and induce thermomigration (m i.e. 
atoms moving due to a temperature gradient) [2]. The magnitude of 
the TM flux is usually much smaller than the EM flux and has hence 
not attracted much attention. However wide metal lines. with a I J[mNw'l I Uniform I ~ a d i e n t ~ , , = ~ s z ~ c ,  I 
TABLE 1: TF ms] at 
tempaature gradient 
temperature and with an applied 
EXPERIMENTAL extracted times-to-failure (TIT) are shown in table I .  A systematic reduction of -50% in TTF is observed in the nresence of a 
temperature gradient. The local temperature at the TS is 202T and 
the avenge line temperame is well below this value indicating a 
lifetime reduction due to the temperature gradient (fmt order 
estimation VT - 0.19oClpm). Joule heating during EM testing can 
also in a temperature that can lead EM failures with 
a different failure mechanism [4]. For our configuration the 
calculated Joule heating becomes noticeable at J=6mA/pm2 and 
increases to -8O'C forJ=16 mA/m* and hence cannot be neglected 
for the used current densities. Blacks equation [5] m d f i e s  to: 
MTF= A." exp(Eai6T + A T J ~ ~ , ~ ] )  
The sMied &uCtures [31 have a single metal level 
(AlSi(l%)Cu(O.M%)), three local heater elements (poly-Si resistors) 
and four on-chip temperature sensors (integrated diodes isolated by 
0 . 5 ~  SiOd see figure 1. Conventional EM tests at chamber 
temperature of Tm=202'C were compared to tests with a low 
chamber temperatme and a local temperature at the heater elements 
of THE=202"C resulting in a temperature gradient. A relative 
resistance change (RRC) of LW&= 15% was used as the failure 
criterion. 
i s64W.m 
Fig. 1: Diagram of the test st~~cture;  integrated diodes act as 
ternpaatme sensor (TS); HE is heater element (poly-Si line); 
dimensions in pm 
RFSULTS 
The RRC versus time for uniform temperature EM tests and in the 
presence of a t e m p t u r e  gradient are shown in figure 2. The 
~ i ~ ,  3, m~for ,,,,iform (~,,=2020~) and @ded temperature 
cond,tions(T,,,=152~C,T~=202~C). 
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Figure 3 shows the MTF taking the Joule heating into account, 
plotted for three current densities in case of a uniform temperature of 
T,,,=202% and in case of To,,=152"C and THE=2O2OC. The 
activation energy &=0.65eV was taken from earlier experiments. 
The slope at constant temperature ( ~ 2 . 9 )  is within the reported 
range (from 1.0-3.0) [5,6]. In case of a temperature gradient n 
appears to be tm high. Either the activation energy is different or 
Blacks law cannot be used or a different failure mechanism plays a 
role. Note that the sample size in this experiment was limited which 
may a h  play a role. Figure 4 shows the RRC results for different 
temperature gradients The local t e m p b m  at the heating element for 
all cam is Te202OC, 3 oven tempmtures were used; T-=l?7, 152, 
and 12PC. A lower oven temperature and hence larger VT results in 
a steeper RRC curve indicating a reduced lifetime. Table II shows the 
VT values estimated from the diode measnrements and the -acted 
TTF's. Finite element simulations on condition Tgrad2 indicate that 
the maximum tempemture gradient could be several times higher. 
TimeFrs] 
Fig. 4: Relative Resistance Change at J=l0mAlp2 for different 
temperature gradients, see table II. 
TABLE II: The different temperature gradient conditions are impowd 
for during EM tests. 
( I )  Uniform 
(2) T p d l  
202 0.19 19.8 
(4) 202 0.28 127 4.3 
DISCUSSION 
There are three primary driving forces for vacancy diffusion; (i) the 
electrical current (EM), (ii) mechanical stress (stressmigration) 
gradient, (iii) temperature gradient (TM). We have calculated the TM 
driving force to be FT@6eV/cm and the EM driving force 
FE,.plOeV/m. Since the driving force for TM is much smaller than 
for EM, the lifetime reduction cannot be explained by an 
enhancement of TM only. Next to a small TM flux the temperature 
gradient also induced flux divergence. The EM Lifetime is detennind 
by the flux divergence due the microstructure or due to the 
temperature gradient. With a high temperature gradient in the metal 
line, the second mechanism dominates and the failures are typically 
near to the location ofmaximum temperature gradient. Obviously for 
a uniform temperature, the flux divergence due the microstructure 
dominates so that the failure locations are randomly distributed. lhis 
is confirmed by failure analysis, see figure 5. In case of an applied 
temperature gradient the fail sites are near the hottest region and on 
the cathode side heater elements. In the model of Clement and 
Thompson [7] the atom and vacancy fluxes are exponentially 
proportional to the temperature: 
Id. 
lhl -Or 
Fig. 5. Failure locations by EM tests with J=lZmAlpm: (a) in a 
uniform temperature, (b) in the presence of a temperature gradient. 
The dotled boxes indicate the position ofthe heating elements. The 5 
photos are consecutive pa& ofthe test line (top left to bottom right). 
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Fig. 6. Schematic model indicating likely failure locations in case of 
EM test under a temperature gradient. 
J d - J ~ t d -  D,exP(-E$kn. 
Therefore, the largest atom flux will appear at the site ofthe highest 
temperature gradient resulting in voids near, but not exactly at, the 
heater element, see figure 6. A uniform temperature gives random 
fails. Recently, Rn [SI has developed a physical model, in which the 
important parameters such as G, T, j and a are treated under 
perturbed state in the presence of a temperature gradient, to analyze 
the effect of temperature gradient on the EM-induced failure. His 
results suggest that temperature gradient plays a significant role in 
the EM-induced failure. This is consistent with our experimental 
rewlts. 
CONCLUSION 
We present a significant reduction in EM-lifetime when a 
temperature gradient is present within a metal line, even when the 
line has a lower average temperature. TM, the diffusion of atoms due 
to a temperature gradient, cannot explain this. Ihe  temperature 
gradient enhances the electromigration process. The failures will 
occur mainly near the local heating elements at the site of maximum 
temperature gradient. 
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